The effect of high CO2 (1% C02/21% 02) on the activity of specific forms of catalase (CAT-1, -2, and -3) (EA Havir, NA McHale [1987] Plant Physiol 84: 450-455) in seedling leaves of tobacco (Nicotiana sylvestris, Nicotiana tabacum) was examined. In high C02, total catalase activity decreased by 50% in the first 2 days, followed by a more gradual decline in the next 4 days. The loss of total activity resulted primarily from a decrease in CAT-1 catalase. In contrast, the activity of CAT-3 catalase, a form with enhanced peroxidatic activity, increased 3-fold in high CO2 relative to aiontrols after 4 days. Short-term exposure to high CO2 indicated that the 50% loss of total activity occurs in the first 12 hours. Catalase levels increased to normal within 12 hours after seedlings were retumed to air. When seedlings were transferred to air after prolonged exposure to high CO2 (13 days), the levels of CAT-1 catalase were partially restored while CAT-3 remained at its elevated level. Levels of superoxide dismutase activity and those of several peroxisomal enzymes were not affected by high CO2. Total catalase levels did not decline when seedlings were exposed to atmospheres of 0.04% C02/5% 02 or 0.04% C02/1% 02, indicating that regulation of catalase in high CO2 is not related directly to suppression of photorespiration. Antibodies prepared against CAT-1 catalase from N. tabacum reacted strongly against CAT-1 catalase from both N. sylvestris and N. tabacum but not against CAT-3 catalase from either species. This observation, along with the rapid changes in CAT-I and the much slower changes in CAT-3 suggest that one form is not directly derived from the other. concentration (5, 19) have been shown to influence catalase activity in mature plants. For example, Fair et al. (5) demonstrated that catalase activity was suppressed when barley was grown in 1 to 5% CO2 and in 2% 02. Other peroxisomal enzymes were suppressed also and thus the effect in barley may be generally on peroxisomal turnover. In cases where catalase regulation is independent of peroxisomal turnover (e.g. Refs. 4, 6, and this paper) the mechanism of regulation has not been determined but could be the result of changes in rates of synthesis, degradation, or by covalent modification of the protein. The determination by Eising et al. (3) that the sharp decline in catalase activity in greening sunflower cotyledons was due to the formation of an inactive but largely intact protein molecule may be pertinent to studies of environmentally related changes in catalase activity.
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We previously showed that catalase activity in leaves of tobacco seedlings was distributed among several forms, one ofwhich had enhanced peroxidatic activity and that there was a change in distribution with time of development (l1). Furthermore, transfer of the seedlings to 1% C02/2 1% 02 for 4 d reduced total catalase activity by about 50% and altered the distribution ofthe activities. Here we show that the decline in catalase in high CO2 is very rapid and results primarily from the loss of one specific form of the enzyme (CAT-1). The form with enhanced peroxidatic activity CAT-3 (11) , displays the opposite response to high C02, increasing in activity but over a longer period of time. Protein blots with antibodies raised against CAT-l suggest that these forms represent distinctly different proteins.
Catalase (EC 1.11.1.6) plays an important role in H202 decomposition in the glyoxysomes of fatty seeds (4, 26) and in leaf peroxisomes where H202 is generated during photorespiration by glycolate oxidase (27) . In certain plant tissues such as cottonseed (15) , tobacco (11) , and corn (23, 25) , there is clear evidence that catalase exists in several forms which undergo specific changes during development. Such changes imply separate metabolic roles for the different forms of the enzyme but none have been unequivocally defined. In corn leaves there are two cell-specific catalases coded by separate genes (25) . The presence of one form, CAT-3, in the mesophyll cells and possibly associated with mitochondria (23) suggests an additional role for catalase in leaf metabolism which is unrelated to photorespiration. It has been proposed that catalase in mitochondria would function to destroy H202 produced by the alternate oxidase (22, 23) .
In addition to developmental changes, many environmental factors such as light (6) , temperature (20, 21), 02 and CO2
MATERIALS AND METHODS Enzyme Assays and Definition of Units
The catalatic activity of catalase was measured spectrophotometrically as described previously (1 1) . One unit is defined as the amount of enzyme catalyzing the decomposition of 1 ,umol H202 min-1. The peroxidatic activity was determined by measuring the formation of acetaldehyde with ethanol as substrate. The reaction mixture consisted of enzyme (0.1-0.6 unit, total volume 0.10 mL), glucose (0.06 mL, 27 mg/10 mL), and glucose oxidase (0.01 mL, 0.1 unit/mL). The reaction was started with the addition of 0.01 mL 95% ethanol. A sample (0.005 mL) was taken immediately and analyzed using a Hewlett-Packard 5880 gas chromatograph. Separation of acetaldehyde from ethanol was carried out on a 10% Carbowax 20M column with injector and detector temperatures at 250°C, oven temperature 70°C. Samples were analyzed every 20 to 30 min. The formation of acetaldehyde was linear for about 60 min and the amount of enzyme catalyzing the formation of 1 umol acetaldehyde min-' is defined as one unit.
Glycolate oxidase (10), SGAT,' GGAT, and hydroxypyruvate reductase (18) were measured as described previously. One unit of activity is defined as the amount of enzyme catalyzing the formation of 1 umol of product min-'. SOD was assayed by ferricytochrome c reduction and a unit of activity is defined as the amount of enzyme causing a 50% decrease in the rate of reduction of ferricytochrome c under standard conditions (7) . Protein was determined by the method of Bradford (1) . (11) and concentrated to 10 mL on Centricon-10 microconcentrators (Amicon Corp. Danvers, MA). The concentrated enzyme was passed through a Sephadex G-25 column equilibrated with 25 mM ethanolamineacetate, pH 9.4. The fractions of effluent containing catalase were combined and chromatofocused (pH 9 to pH 6) as described previously (1 1). The fractions containing catalase were equilibrated with PBS and concentrated to 2.0 mL by use of the centrifugal filters described above; total protein was 0.48 mg. SDS-PAGE was performed on 12.5% acrylamide gels by the method of Laemmli (17) , and revealed only one protein band in the CAT-1 preparation. Eight mice were injected twice (1 week apart) with the sample (0.12 mL/ injection). A control group of mice received PBS alone. One week after the last injection, blood was collected by heart puncture, centrifuged, and the clear antiserum and preimmune serum stored in liquid nitrogen.
During the preparation of samples for SDS-PAGE and protein blotting, fractions representing CAT-3 catalase (see Fig. 1 ) were assayed for peroxidatic as well as catalatic activity and only those fractions having the highest peroxidatic/catalatic ratio were combined in order to minimize contamination by other forms of catalase.
All samples were concentrated on the Centricon-10 microconcentrators before SDS-PAGE under conditions described above. After electrophoresis, gels were soaked for 1 h in transfer buffer (18.0 g Tris-base, 86.5 g glycine, and 1200 mL methanol per 6 L) before the proteins were transferred to nitrocellulose membranes (0.45 jAm) using a TE50 Transphor Abbreviations: SGAT, serine:glyoxylate aminotransferase; FW, fresh weight; GGAT, glutamate:glyoxylate aminotransferase; SOD, superoxide dismutase. unit (Hoefer Scientific Instruments, San Francisco, CA). After transfer the membrane was soaked in blocking solution (20 g BSA, Fraction V, Sigma; 2.5 g gelatin; 1.68 g Na2EDTA, 0.5 mL Nonidet P40 per L) overnight. The membrane was incubated either with antiserum or preimmune serum (diluted 1:200 with blocking solution) for 2 h, washed (three times with blocking solution), and equilibrated with goat-antimouse IgG antibody conjugated with alkaline phosphatase, (Bio-Rad, Richmond, CA). After washing the membrane with Tris-buffered saline/0.05% Tween-20, the conjugate was visualized by the procedure described by the manufacturer.
Portions of the samples of CAT-1 and CAT-3 were diluted to give 4500, 900, and 225 units mL-' before application of 5 gL/blot to a nitrocellulose membrane. Binding of CAT-1 antibody was determined as described above.
PAGE of CAT-1 and CAT-3 samples was performed at pH 8.9, 7.5% acrylamide (9) and catalase activity was detected on the gels by the method of Clare et al. (2) .
RESULTS
Effect of Growth in 1% C02 on Amount and Distribution of Catalase in N. sylvestris Seedlings Figure 1 (inset) shows the decrease in total catalase which occurs in the leaves of N. sylvestris seedlings placed in 1% CO2 after 14 d growth in air. During a 6 d period, total catalase activity increased slightly in leaves of seedlings in air, but in 1% CO2 there was a 50% decrease in catalase activity Plant Physiol. Vol. 89, 1989 CAT-3 corresponding to a form with enhanced peroxidatic activity (1 1). The distribution of catalase among these forms after 2, 4, and 6 d in 1% C02 is shown in Figure 1 . The profiles demonstrate that the decline in total activity in 1% CO2 results primarily from the loss of CAT-1 catalase.
In a separate experiment, we examined the effect of 1% CO2 on the distribution of catalase in seedlings relative to airgrown controls. The changes in distribution of activity among CAT-1, -2, and -3 are shown in Figure 2 . Air-grown seedlings displayed relatively little change in the distribution of catalase during this period with the exception of the increase in CAT-3 occurring after 4 d. In 1% C02, however, there was a rapid loss in CAT-l in the first 2 d followed by a slower rate of decline. CAT-2 declined slowly while levels of CAT-3 increased 3-fold over corresponding air controls. We conclude that there is no direct conversion of CAT-l to CAT-3 since the former disappeared at a more rapid rate than the latter appeared.
Similar results on the effects of growth in 1% CO2 on catalase were obtained in duplicate experiments with N. sylvestris and with N. tabacum seedlings (data not shown). Several other points were investigated and should be noted. The drop in catalase activity was not due to the presence of inhibitors. When extracts ofair-and 1% C02-grown seedlings were mixed, the catalase activities were additive and when extracts were passed through a Sephadex G-25 column there was no increase in activity of catalase from high C02-grown seedlings. Further, there was no difference in total protein extracted from both groups of seedlings so that the results shown in Figures 1 and 2 Fig. 1 ).
Reversal of Catalase Decline in 1% CO2 by Transfer of Seedlings to Air In Figure 3 a more detailed examination of the changes which occur in catalase levels during the first 24 h after transfer to 1% CO2 is shown. The 50% loss in total catalase activity occurs almost entirely during the first 12 h. When the seedlings were transferred back to air after 24 h in 1% CO2, normal catalase levels were restored within 12 h. In Table I the results of two experiments in which seedlings were returned to air after varying times in 1% CO2 are summarized. After 3 d in 1% CO2 catalase activity was 50% below that of the corresponding air-grown control and the difference is due to the decrease in CAT-1. When seedlings from 1% CO2 were returned to air, the restoration of normal activity was likewise reflected by the increase in CAT-1. Thus the observed rapid regulation of total catalase activity results from the changes in one specific form of the enzyme, namely CAT-1.
Prolonged exposure (13 d) to 1% CO2 (Table I, Expt. 2) produced a somewhat larger decline in catalase activity (60%) resulting as before from the loss of CAT-l catalase. These plants also displayed more than a 2-fold increase in the activity of CAT-3. Following transfer back to normal air, there was a partial restoration in the activity of CAT-1, and CAT-3 remained at its elevated level.
Effect of 1% CO2 on Other Peroxisomal Enzymes and SOD Extracts of seedlings grown in 1% CO2 were assayed for other enzymatic activities in addition to catalase and these were compared to activities present in extracts of air-grown seedlings. The results from three experiments (Table II) show that other peroxisomal enzymes are not affected by high CO2. Even after 6 d, their activities are the same, or only slightly decreased in comparison to those in air-grown plants. Thus the regulation of catalase activity must occur by a specific mechanism and not, for example, by peroxisomal turnover. The enzyme SOD might be expected to be regulated in concert with catalase in high CO2 but this was not observed. Figure 3 . Decline of catalase activity in seedlings grown in 1% C02 (21% 02) and its reversal by transfer of seedlings to air. Seedlings were grown in air for 14 d then transferred to 1% CO2. Samples of leaves were harvested at the times indicated extracted, and assayed. After 24 h in 1% C02, the seedlings were placed in air and sampling extraction and assay continued for an additional 24 h. 89, 1989 observed (Fig. 4A, lane 3) . The data suggest that CAT-3, the form with enhanced peroxidatic activity (1 1), is not immunoreactive with anti-CAT-1 serum. However, conditions of transfer may be critical for detection of proteins (8) and when methanol was omitted from transfer buffer, the reaction with CAT-I was unaffected but there was a faint reaction for CAT-3 (not shown).
REGULATION OF CATALASE ACTIVITY IN TOBACCO BY HIGH C02
In order to bypass the problems associated with electrophoretic transfer of proteins, samples of CAT-1 and CAT-3 (N. tabacum) were adjusted to equal catalatic activity and applied directly to nitrocellulose at several dilutions for reaction with anti-CAT-1 serum (Fig. 4B) . The reaction of CAT-1 (lane 1) was detectable even at a dilution of 1:20, but the CAT-3 sample (equal catalatic activity) produced only a faint reaction, which became undetectable at a 1:5 or 1:20 dilution. To determine whether the faint reaction in CAT-3 resulted from contamination by CAT-I or CAT-2, these samples were subjected to PAGE under nondenaturing conditions (Fig. 4C) . The CAT-I sample (lane 1) displayed a single band ofactivity, whereas the CAT-3 sample (lane 2) was resolved into two bands of activity, one corresponding to the position of CAT-1. Both bands were absent when the gel was incubated with 3-amino-I ,2,4-triazole, a potent inhibition of catalase, before determination of activity. To confirm the identity of this contaminant, the native proteins were transferred to nitrocellulose and probed with anti-CAT-I serum. The band corresponding to the CAT-I position in the CAT-3 sample pro- vestris produced the same results. In addition, a preparation of CAT-2 from N. tabacum reacted with equal intensity as CAT-I when probed with anti-CAT-I serum. DISCUSSION Our results show that CAT-I and CAT-3 catalase in seedling leaves of tobacco display opposite responses to high CO2 that occur in distinctly different time frames. CAT-I declines rapidly (12 h) in high CO2 and is rapidly restored (12 h) when the seedlings are returned to air. In contrast, prolonged exposure to high CO2 (2-3 d) induces a premature appearance of CAT-3, and an eventual increase to levels well above that in air-grown controls. The temporal separation of these opposing responses to high CO2 suggests that they are independent events.
The observation that catalase-deficient mutants of barley are chlorotic in air but grow normally in high CO2 (14) firmly established that the principal metabolic role of catalase in C3 leaves is the decomposition of peroxisomal H202 under photorespiratory conditions. Accordingly, the rapid loss of CAT-1 in 1% C02/2 1% 02 was initially presumed to be related to the suppression of photorespiration by high CO2. To test this hypothesis, we examined catalase levels in low 02 atmospheres which also inhibit photorespiration. In contrast to high C02, low 02 did not produce any decline in catalase activity suggesting that the mechanism of regulation is not directly connected to photorespiratory metabolism. The explanation for the effect of 1% CO2 on catalase activity in leaves may lie in an indirect role for the enzyme such as that proposed by Hendricks and Taylorson (12) in controlling NADP levels in germinating seeds.
There is a great molecular diversity of catalase in different plant species i.e. three forms in corn controlled by separate genes (25) , one form in pea (1 1), and several forms in tobacco (1 1) and cotton seed (15, 16) (Table II) . The two species also differed in their response to low 02, with barley catalase undergoing suppression and tobacco catalase remaining constant. As more data accumulate it may be possible to correlate such changes with specific roles of catalase or assign specific functions to certain forms of catalase where molecular diversity exists.
Two aspects of this work remain to be considered. First, the effect of 1% CO2 on CAT-I could be on synthesis, degradation, or the formation of an inactive form of catalase from the active one. Eising et al. (3) have shown that in sunflower cotyledons the sharp decline in catalase activity upon greening was due to a decline in catalytic activity, not increased degradation or decreased synthesis. They proposed a model for the degradation of catalase in which the first step is the formation of an inactive, but largely intact protein molecule. It is possible that a reversible modification of this sort is responsible for the rapid loss of CAT-I activity in high CO2 and the equally rapid restoration of activity when the plants are returned to air from high CO2. The half-life of catalase in sunflower cotyledon was estimated to be 3.5 d but the degradation constants for catalase vary during the transition of glyoxysomes to peroxisomes (4). Hence, it is possible that the regulation ofcatalase activity in high CO2 is mediated through effects on synthesis or degradation of the enzyme. The development of a quantitative technique for detection of catalase protein will help resolve this question.
The second aspect to consider concerns the origin of CAT-3 catalase. If only one form of catalase is synthesized (CAT-1) and CAT-3 is a modified form, the modification must alter the catalytic activity so that the peroxidatic reaction is greatly enhanced. The modification must also be extensive enough to alter the pH at which the protein is eluted from a chromatofocusing column from 8.3 for CAT-l to 6.3 for CAT-3 (11). Srivastava and Ansari (24) proposed that monomers, dimers and tetramers of mouse liver catalase express peroxidatic activity while only the tetramers display catalatic activity. This possibility is ruled out for tobacco catalase because both CAT-1 and -3, separately applied, elute from analytical Sephadex G-200 columns at the same position and are thus the same molecular weight (data not shown).
CAT-1 and CAT-2 are closely related proteins based on their similarity in the ratio of peroxidatic/catalatic activities (1 1) and in their reaction with antibodies raised against CAT-1. In contrast, CAT-1 and CAT-3 appear to be different proteins based on distinctions in isoelectric properties, substrate specificities, and thermal stability (11) , as well as response to high CO2 and immunological reaction. It is apparent however that our sample of CAT-3 contains a small amount of CAT-1 or CAT-2 contamination. The purification of sufficient quantities of CAT-3 for characterization and antibody preparation is in progress.
